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M. Nakano, K. Ishiyama,a) K. I. Arai,a) and H. Fukunaga
Faculty of Engineering, Nagasaki University, Nagasaki 852, Japan
We report a new method of preparing highly oriented 3% silicon steel sheets with a thickness of 100
mm, which enables us to realize the mass production with existing manufacturing facility. In our
new method, a hot-rolled silicon steel is thinned to 100mm by a three-step rolling process with
intermediate annealings and the~110!@001# is created by the final annealing taking advantage of
surface energy. The obtained 100-mm-thick sheets had the Goss texture and superior soft magnetic
properties~the magnetic induction at 800 A/m,B8
•5
•
1.9 T, the coercive force,4 A/m!. In addition,
the iron loss W 15/50 at 1.5 T, 50 Hz under the applied tensile strength of 2 kg/mm2 was 0.53 W/kg.
This value is less than that of the conventional~300mm! grain-oriented silicon steels by about 37%.



































Although the reduction of the thickness most effective
reduces the iron loss, it is generally difficult to produce le
than 160-mm-thick grain-oriented 3% silicon steel sheets
secondary recrystallization with inhibitors.1 Hence, we pre-
viously developed a method of producing very thin gra
oriented 3% silicon steel sheets from hot-rolled silic
steels2 by using the surface energy as the motive force
grain growth. In this method, however, the thickness had
be reduced to less than 10mm to form highly oriented
~110!@001# texture. This extreme thinning of the sheets
creased the coercive forces of the sheets up to 16 A/m,
consequently caused the increase in hysteresis loss offse
the decrease in eddy current loss.
In this study, we thus tried with success to develop
new method of producing 100-mm-thick grain-oriented 3%
silicon steel sheets whose hysteresis loss is suppressed
pared with that of 10-mm-thick ones reported previously
This contribution reports the production method of 100-mm
thick grain-oriented 3% silicon steel sheets and magn
properties of the obtained sheets.
II. EXPERIMENT
Production of 100-mm-thick grain-oriented 3% silicon
steel sheets was tried by two types of methods. The first t
of method was as follows; hot-rolled silicon steels, 2 mm
thickness, were rolled to various thicknesses, intermedia
annealed for 1 h at 750 °C in avacuum of 131023 Pa, and
then the annealed sheets were rolled to a thickness of
mm. The 100-mm-thick rolled sheets were cut into pieces
100 mm in length and 5–7 mm in width and finally annea
with an infrared furnace for 1 h at temperatures ranging be
tween 300 and 1150 °C in a vacuum of 13 023 Pa. We call
this method the two-step rolling method.
The other method, by which we succeeded to prod
100-mm-thick grain-oriented 3% silicon steel sheets, was
three-step rolling method. This method is made up of a thr
step rolling process with intermediate annealings to ob
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100-mm-thick rolled sheets from hot-rolled silicon steels a
the final annealing to obtain the~110!@001# texture. The con-
ditions of the intermediate and final annealings were
same as those of the two-step rolling method.
The recrystallized texture was observed by means
x-ray diffraction and etch pits. The static coercive force a
the magnetic induction were measured with a dcB-H loop
tracer. The iron loss was measured with a single sheet te
III. RESULTS AND DISCUSSION
A. Production of 100- mm-thick silicon steel sheets by
using two-step rolling method
We found that the one-step rolling method does not p
duce 100-mm-thick grain-oriented 3% silicon steel sheets b
cause a large amount of rolling reduction decreases the n
ber of nuclei of~110! grains.2 Therefore, we tried to produce
100-mm-thick 3% silicon steel sheets by the two-step rolli
method in the first place.
Figure 1 shows the dependence of the magnetic ind
tion at 800 A/m,B8, and the coercive forceHc on the final
-
FIG. 1. Magnetic induction under applied field of 800 A/m,B8, and coer-
cive force,Hc, obtained by a two-step rolling method as a function of fin



































tionannealing temperature. The amount of the first rolling red
tion was 75% and that of the second one was 80%. When
annealing temperature increased,Hc was decreased gradu
ally. The highestB8 obtained, however, was as low as 1.
T. An investigation of the grain texture of these samples
the etch-pit method clarified that~110! grain growth had
completed in the sheets annealed at 1150 °C. However
average value of thea angle ~the angle between the@001#
axis and the rolling direction! was about 8.7°, which is muc
worse than the average angle of 3° in conventional gra
oriented 3% silicon steels.3
B. Production of 100- mm-thick silicon steel sheets by
using three-step rolling method
As we could not produce highly grain-oriented she
with 100 mm thickness by the two-step rolling method, th
three-step rolling method, which enable us to select the r
ing conditions widely, was carried out. The relationship b
tweenB8 and the amount of the rolling reduction are d
played in Fig. 2. The horizontal and vertical axes indicate
amount of the first rolling reduction and that of the seco
one, respectively. The amount of the third rolling reducti
was determined so that the final thickness became 100mm.
When the amounts of the reduction became more than 5
in both rolling processes, silicon steels withB8 near 1.9 T
could be produced. Further, it was confirmed that the co
cive force of these samples is less than 4 A/m. The dep
dence of the loss of 100-mm-thick grain-oriented 3% silicon
steel sheets on the maximum flux density is shown in Fig
The measured iron loss W 15/50 at 1.5 T, 50 Hz under
applied tensile strength of 2 kg/mm2 was 0.53 W/kg. This
value is less than that of the conventional~300 mm! grain-
oriented 3% silicon steels by about 37%.
The grain diameters were observed for obtaining the
formation about the grain texture. Figure 4 shows the dep
dence of grain diameters on the final annealing temperat
It was confirmed that~110! grain growth had completed in
the sheets annealed at 1150 °C under the three-step ro
method. The~110! grain diameter was about 3 mm, whi
FIG. 2. Magnetic induction under applied field of 800 A/m,B8, obtained by




















that produced by the two-step rolling method was about
mm. This difference in the grain diameter was characteri
by the difference of the amount of the nuclei of~110! grains
as shown in Fig. 5. Figure 5 shows the texture coefficient4 of
primary recrystallized texture which was calculated from t
x-ray intensity observed with a diffractometer. It is seen th
the three-step rolling method enables us to make 100-mm-
thick silicon steels with enough nuclei of~110!@001# in pri-
mary recrystallized sheets.
Subsequently, we observed the distribution of thea
angle. The result is shown in Fig. 6. The value of thea angle
in most grains was less than 5°.
The above results indicate that the selection of the p
cess enables us to produce 100-mm-thick highly grain-
oriented 3% silicon steel sheets.
FIG. 3. Magnetic loss of 100-mm-thick grain-oriented 3% silicon stee
sheets obtained by three-step rolling method as a function of maximum
density.
FIG. 4. Grain diameter obtained by three-step rolling method as a func









A new method of producing 100-mm-thick grain-
oriented 3% silicon steel sheets from hot-rolled silicon ste
by using the surface energy as the motive force of gr
growth was developed. The obtained sheets had superior
magnetic properties such asB8
•5
•
1.9 T andHc,4 A/m. The
iron loss W 15/50 at 1.5 T, 50 Hz under the applied tens
FIG. 5. Texture coefficient of primary recrystallized 100-mm-thick 3% sili-





strength of 2 kg/mm3 was 0.53 W/kg, which is less than tha
of the conventional~300mm! grain-oriented silicon steels b
about 37%.
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FIG. 6. Histogram ofa angle of 100-mm-thick grain-oriented 3% silicon
steel sheets obtained by three-step rolling method.Nakano et al.
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